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SUMMARY 

The major purpose of this investigation was to develop a quantitative method 
for the gas-liquid chromatographic analysis of the purine and pyrimidine bases at 
a macro (IOO pug), semimicro (IO pg), and micro (500 ng) level. Included was an 
evaluation of bis (trimethylsilyl) trifluoroacetamide as the silylating reagent, solvents, 
and the determination of the optimum silylating and instrumental conditions at each 
level. 

INTRODUCTION 

Precise and accurate analytical methods for the analysis of nucleic acid com- 
ponents, including the purine and pyrimidine bases, the nucleosides, and the nucleo- 
tides, have long been desired by many researchers in biochemistry, biology, medicine, 
and other fields of research. Because of the central biological significance of nucleic 
acids, it is important to know as much as possible about their function, their structure, 
and their chemical composition. 

Nucleic acids are divided into two classes, deoxyribonucleic acids (DNA) and 
ribonucleic acids (RNA), according to their structure and biological function. The 
Structural differences between RNA and DNA consist of a D-ribose moiety in the RNA 
molecule and a D-2-deoxyribose moiety in the DNA molecule, the pyrimidine uracil 
in RNA and the pyrimidine thymine in DNA. One of the biological functions of nucleic 
acids is involved in the synthesis of enzymatic proteins. The DNA contains a code which 
directs the synthesis of proteins and acts indirectly through different types of RNA. 
The messenger RNA, mRNA, takes the genetic code from the DNA in the cell nucleus 
and transports it to the ribosomes, the site of protein synthesis in the cell. Structural 
or ribosomal RNA, rRNA, in the ribosomes receives the code from the mRNA and 
builds the protein with amino acids brought to the ribosomes by transfer RNA, 
tRNA. Since there are twenty naturally occurri.ng protein amino acids, there is a 
minimum of twenty tRNA’s necessary for protein synthesis. 
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The chemical composition of nucleic acids consists of a purine or pyrimidine 
base attached to the first carbon of the sugar moiety (nucleosides), and a phosphate 
molecule attached to the sugar at C-5 (nucleotides). The polymer chain is made by 
attaching the phosphate molecule of one nucleotide to the C-3 of the sugar of another 
nucleotide. The length of the polymer chain varies, depending on the fknction and 
the source of the nucleic acid; some DNA molecules have more than 20,000 nucleotide 
residues. Because of the importance of nucleic acids in the genetic code, it is necessary 
to know as much as possible about their composition. To find the base ratios in a nu- 
cleic acid, it is first necessary to hydrolyze the polymer into various monomers 
(purines and pyrimidines, nucleosides, or nucleotides, depending on the type of depoly- 
merization used). 

Of interest in many areas of research is the determination of the purine and pyrim- 
idine base ratios, and a number of methods have already been developed. These 
techniques include ion-exchange chromatography (IEC) by COHNI, paper chroma- 
tography (PC) by VISCHER AND CHARGAFF~, paper electrophoresis (PE) by GORDON 

AND REICHARD~, thin-layer chromatography (TLC) by RANDERATI-I* and gas-liquid 
chromatography (GLC) by HASHIZUME AND SASAICI~ and GEHRKE AND RUYLI?. All 
of these ,methods were developed at a macro (mg) level, and only the GLC methods 
gave good quantitation. ’ ’ 

Since most biological samples are not available in macro quantities, a micro 
(pug) method, which would give quantitative results, was needed. Since GLC gave 
good quantitative data at the macro level, and offered speed, selectivity, and sensitiv- 
ity to an analysis, it was the choice of analysis for the development of a micro 
method. 

However, the purine and pyrimidine bases are not volatile; thus, they must be 
converted to a volatile derivative before GLC analysis is possible. Various derivatives 
of the purine and pyrimidine bases have been studied at the macro level; these include 
the methyl derivative by MACGEE’, acetyl and isopropylidene derivatives by MILES 
AND PALES*, and the trimetbylsilyl (TMS) derivative by HASHIZUME AXD SASAKI~ 

and GEHRKE AND RUYLE~. The TMS deri.vative gave the best results and was the one 
most likely to work for a micro analysis. 

With the development of a new silylating reagent, bis (trimethylsilyl) trifluoro- 
acetamide (BSTFA), by STALLING et aLlo, silylation at the micro level was possible. 
The aims of this investigation were: to evaluate BSTFA as a silylating reagent for 
the purine and pyrimidine bases; to establish the optimum reaction conditions for 
quantitative silylation with BSTFA at a macro, semimicro, and micro level; and to 
investigate the chromatographic properties and instrumental requirements of the 
derivatized purine and pyrimidine bases. 

LITERATURE REVIEW 

The analysis of nucleic acid constituents, using chromatographic techniques, 
has achieved separations due to differences in pKa values, solubilities, and adsorption 
coefficients of the various components. Analysis of the purine and pyrimidine bases, 
nucleosides, and nucleotides by PC has been reviewed by PADRES, who discussed 
various solvent systems and detection techniques. COHN~ reviewed the separation and 
& alysis of the bases, nucleosides, and nucleotides by IEC, and a monograph, or. TLC 
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by RANDERATH~ discusses the uses of TLC for the analysis of these constituents. 
CIANDI AND ANDERSON~~ have separated 26 purine and 22 pyrimidine derivatives by 
TLC with a detection limit of 2.0 pg. 

In 1962 MILES AND FALIZS’ published on the analysis of nucleosides by GLC 
using acetyl, methyl, and/or isopropylidene derivatives. MAcGIW, in 1964, inves- 
tigated the N-methyl derivatives of the purine and pyrimidine bases. Disadvantages 
included multiple derivatives with as many as four peaks for adenine, but MACGEI+ 
was able to obtain some quantitative data and to apply his method to nucleic acids 
which were hydrolyzed with perchloric acid and cleaned by IE before chromatography. 

GLC of the TMS derivatives of nucleosides was first reported by HANCOCK AND 
COLEMAN~~. The derivative was prepared by silylation with hexamethyldisilazane 
(HMDS) and trimethylchlorosilane (TMCS) in pyridine followed by chromatography 
on an SE-30 column. Multiple derivatives and unsymmetrical peaks were obtained, 
HANCOCK~~ later reported on the successful GC of various adenosine derivatives and 
showed that the TMS derivative could be used for quantitative analysis, 

In x966, HASHIZUME AND SASAICIG published on the GLC separation of some of 
the ribonucleotides using the TMS derivatives. The TMS-nucleotides were prepared 
with HMDS and TMCS in pyridine, then chromatographed on a DC-430 column. 
Later, in 1967 and 1968, HASHIZUME AND SASAKI~,~~ reported on the analysis of the 
TMS derivative of the purine and pyrimidine bases and nucleosides. Using phenan- 
threne as the internal standard, they were able to obtain quantitative data on the 
five main bases at the macro level (mg), and they demonstrated the applicability of 
their method to the analysis of base ratios in an RNA and a DNA sample. 

In 1968, GEHRKE AND RUYLE~ reported a quantitative method for the analysis 
of the purine and pyrimidine bases using bis (trimethylsilyl) acetamide (BSA) as the 
silylation reagent. They demonstrated the superiority of BSA to other silylating re- 
agents available at that time and presented data on the derivatization and chroma- 
tography of selected nucleosides and nucleotides. Further, they applied their method 
to the analysis of biological samples of RNA or DNA at the macro level, using a 
perchloric acid hydrolysis and IE cleanup before deaivatization and chromatography 
on an SE-30 column. 

Also in 1968, STALLING et nZ.1° reported on the synthesis of a new silylating 
reagent, bis (trimethylsilyl) trifluoroacetamide (BSTFA). BSTFA was shown to be a 
more powerful silylating reagent than BSA in that it and its breakdown product, 
MSTFA, were more volatile than BSA and its byproduct, MSA and that the chro- 
matograms obtained with BSTFA were cleaner (fewer extraneous peaks) than those 
obtained with other silylation reagents. GEHRKE AND RUYLE~ conducted esperiments 
on the application of BSTFA to the purine and pyrimidine bases and indicated that 
this reagent, because of its volatility, reactivity, and purity, might serve as a good 
silylating reagent for the development of a micro method for the analysis of the genetic 
bases by GLC. 

SILYLATION OF MACRO SAMPLES Ol? THE PURINE AND PYRIMIDINE BASES WITH BSTPA 

.(I) l Afi$aratus. An 17 and RI 402 Biomedical Gas Chromatograph (17 and MO 
ScienOific, Division of Hewlett-Packard, Avondale, Pa.), equipped with dual hydrogen 
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flame ionization detectors, was used in this study. Drying cylinders packed with CaSO, 
and a molecular sieve type gA were placed in the hydrogen and nitrogen lines to re- 
move water and hydrocarbons. In the air line, a drying cylinder with CaSO, and 
a small amount of indicator CaSO, were placed to remove water. 

Area determinations of the chromatographic peaks were made with a Disc 
Integrator Model 228-A (Disc Instruments, Inc., Santa Anna, Calif.). 

For elevated temperature reactions, a magnetically stirred high-temperature 
oil bath (1oo-2oo~), with variable temperature control (&zO), was constructed in 
this laboratory and used in the initial studies. For later studies, a sand bath with a 
variable temperature control system (-&2”) was used. 

Sample aliquots were dried on a go0 sand bath or a Go” hot plate with a stream 
of compressed nitrogen directed into the reaction vessel. 

A Mettler M-5 microgramatic balance (Mettler Instru.ment Corporation, Hights- 
town, N. J.) was used to weigh I.o-mg samples and the samples for preparation of the 
stock solutions. 

A Hamilton 701N IO-,~l syringe (Hamilton Company, Whittier, Calif.) was used 
to introduce the sample into the gas chromatograph. 

(2) Renge&s. The purine and pyrimidine bases (uracil, thymine, cytosine, ade- 
nine, and guanine) were obtained from Mann Research Laboratories, New York, N.Y., 
and were chromatographically pure. BSTPA was purchased in teflon-lined screw cap 
vials from Regis Chemical Company. IIOI N. Franklin Street, Chicago, Ill. Acetonitrile 
and acetone were of “Nanograde” purity and were purchased from Mallinckrodt 
Chemical Works, St. Louis, MO. The water was doubly distilled from an all-glass 
distillation apparatus. The other reagents used were of the highest purity avail- 
able. 

(3) IrtstrwnmtaL ad chronzatogra$Gc conditiom. The chromatographic column 
was a 10 w/w% GC-SE-30 (straight-chained polymethylsiloxane) on 100-120 mesh 
Supelcoport (Chromatographic W type). The column materials were packed in glass 
columns (borosilicate) I m long, with an inside diameter of 4 mm, and held in the 
chromatographic oven by front and back teflon ferrules with normal Swagelolc fit- 
tings. 

The instrumental conditions were a 4-min initial hold;then a 7.5”/min tempera- 
ture program from go to 260~. The detector was operated in the 280-320~ range, 
and the injection heater (flash heater) was at approximately 200’. The gas flow rates 
were as follows: nitrogen, 40 ml/min; hydrogen, 30 ml/min; and air, 300 ml/min. 
The attenuation was 1.2 x IO+ A full scale deflection (a.f.s.). 

(4) Column $re$wration and cooaditioozing. The following procedure was used for 
the preparation of all column packings: (a) Weigh the GC-SE-30 and dissolve in excess 
chloroform. (b) Weigh the Supelcoport and place in a ridged, ground glass flask, Cover 
the support with chloroform. (c) Add the dissolved GC-SE-30 to the Supelcoport. 
(d) Place the mixture on a rotary evaporator, and using a slight amount of vacuum to 
hold the flask, mix for 15 min. (e) After mixing, slowly evaporate the chloroform by 
increasing the vacuum and heating the flask at Go”. Note : The chloroform .must not 
be evaporated too quickly or it will “bump”, causing some loss of the GC-SE-30. 
(f) After the chloroform has evaporated, mix the column packing for 30. min under 
high vacuum and heat at 60” to remove the remaining traces of chloroform. 

After the column packing had been prepared, it was packed into a clean, 1-m 
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glass column with a 4-mm I.D. To ensure uniform packing, the glass column was 
gently tapped during the addition of the packing. After the column had been pre- 
pared, a x/4-in. plug of “silanized” glass wool was placed in each end. 

To give a reproducible column, the following conditioning was used: (a) Place 
the column in the GC oven. (b) Without carrier gas, “no flow” condition the column 
for 2 1~ at 3oo”. (c) Cool the chromatographic oven to 50” and regulate the carrier 
gas to 40 ml/min. (d) Program the temperature from 50 to 270~ at 2O/rnin. (e) Condi- 
tion the column at’ these settings (270” with a carrier gas flow of 40 ml/min) for 
24-4s 11. 

By following these details for column preparation and conditioning, the columns 
were reproducible and stable for three months. Signs of column deterioration were an 
increase in bleed at higher temperatures and a decrease in the response for the TMS- 
guanine peak. Because the teflon ferrules used to hold the cdlumns in the chromato- 
graphic oven tended to co-flow, it was necessary to periodically tighten the Swagelok 
fittings to prevent the carrier gas from leaking and the column from falling. 

GEHRKE AND RUYLI? investigated the silylation of the purine and pyrimidine 
bases using BSA and showed that BSA and BSTFA gave similar results, however, 
BSTFA gave a cleaner chromatogram and a smaller solvent peak due to the higher 
volatility of BSTPA and its byproduct MSTFA. GEHRICE AND RUYLE~ also reported 
that a IOO molar excess of BSA was required-for complete derivatization, and since 
BSA and BSTFA were similar compounds and gave similar silylation results, a IOO 
molar excess or greater of BSTFA was used in this study. 

(I) 1’ime am? tcnzjm~ntzcre stahi?y for ma~ima4~~2 derivatization 
The determination of the reaction conditions necessary to achieve complete 

silylation involved a study of time and temperature. Because each of the major bases, 
uracil, tllymine, cytosine, adenine, and guanine (U, T, C, A, G) might have different 
optimum silylation times and temperatures, it was necessary to determine the reaction 
conditions for each base independently and to choose the conditions that gave the 
best results for all five bases. 

Salr@?e $mfiayation. Stock solutions of uracil and cytosine, thymine and guanine, 
and adenine and guanine were prepared by dissolving 20 mg of the base in IOO ml 
of 7.5 N NH,OH. Guanine was analyzed in duplicate because initial experiments had 
shown it to be the most difficult base to silylate. A 5.o-ml aliquot (ca. 1.0 mg of each 
base) was quantitatively transferred into a IG x 75 mm culture tube with a teflon- 
lined screw cap. The sample was dried on a go” sand bath with a stream of pure com- 
pressed nitrogen. After the sample was dry, 1.0 mg of phenanthrene (the internal 
standard) in 5.0 ml of acetone was added. The acetone was removed with an IR lamp 
and a stream o$ compressed nitrogen. 

Dwivatization. The dried sample containing cn. 1.0 mg of each of two bases 
(U and C, T and G, and A and G) was silylated with 1.0 ml BSTFA and 1.0 ml acetoni- 
trile (CH,CN). Duplicate‘samples were heated for 15,45, Go, and 120 min at tempera- 
tures of 125~ and ISO’. Th& silylated samples were. immediately cooled to room tem- 
perature, and 2-4 ,ul were injected into the gas chromatograph. 

J. Clwomalogr., GI (1971) 45-63 
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Calczclation. The relative molar response (RMRn./r,s,) of the TMS base to phen- 
anthrene was calculated as follows: 

Al-can. An. 

RMRB./I.s. = 
Gramsn./MWu. Moles[~, = 

Ar’=l’hcn. A1.s. 

GmmmdMWm~n. M~le.s~.~. 

where 
Areaa, = area chromatographic peak for the base 
AreaPhen.= area chromatographic peak for phenantlirene (I.S.) 

MW = molecular weight 
The relativemolar response, RMRB./I.s., was calculated for each base and plotted, 

as a function of reaction time. 

(2) Repyodzccibi2ity and stability of silylation using BSTFA 
The optimum silylating conditions for the five bases (U, T, C, A, and G) using 

BSTFA were chosen from the previous experiments (ISO" for 15 min). These reaction 
conditions were then used to check the reproducibility of silylation and the stability 
of the TMS bases with time. 

Refirodaccibility of silylation. A stock solution containing 20.0 rrlg each of U, T, 
C, A, and G was prepared, and six 5.o-ml aliquots were pipetted and dried. The 
samples were silylated with 2.0 ml BSTFA and 2.0 ml acetonitrile at 150~ for 15 min. 
The results are given in Table I, including the standard deviation for the RMRn./r,s. 
values for the five bases. 

TABLE I 

RELATIVE MOLAR RESPONSE OF THE TlMS DERIVATIVE OF THE PURINE AND PYI~IMIDINE BASIC+ 

Uracil 120 0.63 0.004 
Thymine 130 0.07 0.007 
Cytosine 144; IG2 0.676 0.004 
A&nine ISS O.GG 0.01 I 
Guanine 212 0.75 0.004 

Phenanthrenc (1.S) I72 1.00 
-- 

a Flame ionization detector used. Silylated with BSTFA at 150~ for 15 min. 
b RMR detcrminccl from six independent cletcrminations. 

RMR = rclativc molar response to phenanthrene as I.S. 

RiLI%s./r.s. = 
A BJMO~CSB, 

~~.s./MolcS~.s. 

C Stanclard deviation calculntccl from at least four indcpenclent determinations. hvcrage 
R.S.D. = o.(,e/o* 

d Two peaks were obtainecl for cytosinc, each was intcgratecl inclcpcnclcntly, then acldccl to 
calculate RMR. 

Stability of the TMS base with time. Two of the samples ‘in the previous experi- 
ment were used to determine stability of the silylated bases. Each sample was run 
on five successive days at the same chromatographic conditions. The RMR~J,/I,~, 
values for each sample were calculated, and the data are presented in Table II. 

J. Glwouaatogr., 61 (1971) 45-03 
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RELATIVE MOLAR RESPONSE AND STAUILITY OF THE -rh’IS DEIZIVATIVE OF THE PURINE AND PYRI- 

MIDINE UASES AS A FUNCTION OF TIME 

Initial 2 days 4 days 5 days Au. 

I Uracil 0.03 O.GI 0.63 o.G5 0.63 
Thymine P.07 0.63 0.64 0.65 0.65 
Cytosind 0.07 0.63 0.63 0.64 0004 
Rclcnine 0.64 0.62 0.03 0.61 0.63 
CAmnine . . 0.74 0 . .‘i 2 0.72 0.71 0.72 

2 Uracil 0.63 o.GG o.G7 0.05 o.GG 
Thyminc 0.05 0.h) O.GS 0.Gg 0.05 
Cytosined 0.09 o.GG o,Gg 0.00 0.07 
Adcninc 0.00 o.GG o.GG 0.05 0.06 
Guaninc 0.75 0.77 0.77 0.77 0.76 

A I,,/MOlCSl,, 
n RMRjJ./l,s. = --- 

A,..cJ./Moles~.s, * 

b Samples wcrc usccl in precision stucly. 
c Flnmc ionization dctcctor used. Silylatccl with RSTFA at I 50” for 15 min. 
d Two pcalcs wcrc obtninecl for cytosine, each was intcgrntccl inclepenclcntly, then added to 

calculate RMR. 

Determination of iq?mrity at 124’ and loss of iMmaal standard $hmantlzrene 

While determining the optimum conditions for silylation of the purine and 
pyrimidine bases using BSTFA, a large impurity eluted at 124~ (just before the uracil 
peak). Also, some samples were lost due to a reduction in the phenanthrene peak. 
Thus, it was necessary to remove the 124’ impurity from the samples as it interfered 
with the uracil peak, and to determine the reason for loss of internal standard. 

The inq’mrity $enk at 124~. The analysis of the impurity eluted from the chro- 
matogram at 124~ consisted of finding the source of contamination and eliminating 
it from the samples. The only possible sources of contamination were the stock 
solution solvent (7.5 iV NH,OH), the BSTFA, the acetonitrile, or an impurity in the 
bases. A reagent blank (1.0 ml BSTFR and 1.0 ml acetonitrile heated at 150~ for 15 
min) did not contain the impurity, and the bases, when weighed directly into the 
reaction tube before silylation, were also pure. When 5.0 ml of 7.5 N NH,OH were 
dried and silylated, the impurity at 124” was present. By spiking the sample, the im- 
purity at 124” was found to be TMS-ammonium phosphate. 

To remove this impurity, a new stock solution solvent was needed that was 
pure, volatile, and would dissolve the bases. 3 N HCl met all of these conditions, and 
on analysis gave a clean chromatogram with reproducible RMR~,,~,s,values. 

Determivzation of $henanthrene (IS.) loss. The determination of’ loss of phenan- 
threne consisted of finding the cause of the loss and removing this step in the sample 
preparation. Since adenine was eiuted just after phenanthrene, it was used to check 
the RMRBJI.~. values in this experiment. A stock solution of 3.3 mg of adcnine in 
IOO ml of 3 N WC1 (IOO pg/3.o ml) was prepared, and twelve 3.o-ml samples (cn. 0.10 

mg adenine) were pipetted and taken to dryness. Also, three stock solutions of phenan- 
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threne in acetone were prepared: 2.5 mg/zg ml acetone (0.100 mg/I.o ml), 1.25 mg/ 
25 ml acetone (0.100 mg/z.o ml), and 3.33 mg/roo ml acetone (0.100 mg/3.o ml). 
Each stock solution of phenanthrene was used with four of the adenine samples, 
The acetone was evaporated from the samples with an IR lamp and a stream of pure 
nitrogen gas. Two of the samples with each level of internal standard stock solution 
were placed directly under the IR lamp, and two were heated indirectly. After 
drying, the samples were silylated with 0.2 ml BSTFA and 0.2 ml acetonitrile at 150~ 

for 15 min. The RMR_q Phen. value for each sample was calculated, and the results are 
presented in Table III. 

TABLE III 

LOSS OF PHENANTHRENE (I.S.) ON EVAPORATION 

-- 

PhevtavttJwenc RMRA I P/ieta.” 
in acetone 

Indirect JJeativrg Direct Juating 
-- 

r 2 3 4 

0.100 mg/I.o ml 0.67 0.68 0.79 0.51 

0.100 mg/2.0 ml 0.85 o.so I .02 1.15 

0.100 mg/3.0 ml 1.27 I.75 1954 2.25 

Drying vnetltod 

Nitrogen only, at room tcmperaturc 

IR lamp and nitrogen 

IR lamp and nitrogen for 30 min 

go” sand bath and nitrogen 

0.71G 

o.cog 

very small Phen. peak 

very small Phen. pcalcb 

o-745 

O.GIS 

very small Phcn. peak 

very small Phcn. pcalco 

8 IiMIxn,phon = 
A A /Moles,1 

A~‘tl~~./Moles~t,~~. 
b Semplc rcmovccl from sand bath immccliately after drying. 
c Sample left in sand bath IO min after drying. 

As a further check on the phenanthrene loss, eight more adenine samples were 
prepared. One milliliter of acetone containing 0.100 mg of phenanthrene (1,s.) was 
added to each sample, The acetone in two of the samples was evaporated by a stream 
of pure nitrogen at room temperature, two samples by an IR lamp and a stream of 
.nitrogen gas, and two samples by an IR. lamp and a stream of nitrogen gas, then left 
under the lamp for an additional 30 min. The acetone in the last two samples was 
evaporated on a go0 sand bath with g’stream,of pure nitrogen, and one of the samples 
was left in the sand bath for an additional IO min. The samples were silylated and 
chromatographed as before, and the RMRn ./Phen. calculated. The data are gitlen in 
Table III. 

i, :’ 
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SILYLATION OF SEMIMICRO AND MICRO SAMPLIZS OF BASES WITH BSTFA 

A$fiaratzts. See also Eq!wrime&zl on p. 47. A sernimicro anb micro culture tube, 
shown in Fig. I, were used for the silylation of samples. 

A Hamilton 71oN IOO-pl syringe (Hamilton Company, Inc., Whittier, Calif.) 
was used to pipet the samples. 

1.3 cm T 
5.5 cm 

1 

SEMIMICRO VIAL 
TOTAL CAPACITY 4.5 ml 

1.3 cm T- 

3.0 

L 
MICRO VIAL 

cm 

TOTAL CAPACITY 1.5 ml 

Xcngc~sls. Sodium sulfate (A.R. grade), calcium sulfate (A.R. grade), and cal- 
cium chloride (A.R. grade) were obtained from Fisller Scientific Company St. Louis, 
Rio., dichloroethane (ACS grade) and methylene chloride “Nanograde” from Mallinck- 
rodt Chemical Works St. Louis, MO. 

Triply distilled water from an all-glass apparatus was used. The other reagents 
used were of the highest purity available. 

~mtzwnac~ztnl mzcl chz~ozztatogrn~~z.ic cozrditions. The attenuation for the semimicro 
samples was 3.2 x IO-l0 a. f.s. and for the micro samples S.o x 10~~3 a.f.s. The $ro- 
xnatographic columns used were conditioned for two weeks at 270’ with a carrier 
flow of 40 ml/min. This long conditioning time was needed because of the bleed en- 
countered when micro analyses were being performed. 

Once the analysis of macro (cn. 1.0 mg and 0.1 rng each of U, T, C, A, and Cr) 
had been evaluated, it was necessary to determine the best silylation conditions of the 
bases with BSTFA at a semimicro level (cn. IO PQ each), so that an analysis of RNA or 
DNA can be made when limited sample is available. 

(I) Stock s0luti&z. soh.wlzt for the bases. 
The stock solution solvent (3 1V HCl) used for the macro samples of tile bases 

was found to be unsatisfactory in that the RMRBJ~.~. value for guaninc changed. 
when the stock solution was allowed to stand for a few days. The RMRo/~~lle~~. value 

J. Cllror?tnlog~~,, OX (197 1) 45-G3 
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for a fresh stock solution would gradually decrease with time until the guanine peak 
completely. disappeared from the chromatogram. Thus, it was necessary to evalute 
other solvents for preparation of the stock solution. The solvent needed to have the 
following qualities: purity, volatility, stability, and should be one in which the purine 
and pyrimidine bases were soluble at a low level without affecting their structure or 
chemical properties.’ Many solvents had the first three qualities; and in order to check 
their ability to dissolve the bases, 1.0 mg of each base was weighed and placed in a 
Ioo-ml volumetric flask. The solvents studied were: acetonitrile, acetone, dichloro- 
methane, dimethylformamide, dimethyl sulfoxide, methanol, dichloroethane, chloro- 
form, ethyl acetate, benzene, and organic and inorganic acids and bases. The solvent 
was added, heated, and mixed thoroughly in an ultrasonic mixer. 

(2) Experiments on siZyZativtg and instrumental conditions for sewzimz’cro saw+hs. 
To obtain the proper chromatographic peak sizes for analysis of semimicro 

samples (ca. IO ,ug of each base) it was necessary to change either the amount of 
silylating reagents or the instrumental settings, or both, as presented for the analysis 
of macro samples. Thus, the amount of silylating reagents, the instrumental settings, 
and both, were evaluated independently. 

Concentration of silylating reagents. Four samples containing ca. I0 pg of each 
base were quantitatively pipetted from the stock solution (3.33 mg of each base/Ioo ml 
0.1 N HCl; IO ,ug of each base/300 ,ul) and dried as described for macro samples 
under SnnzpZe pre;haration on p. 49. Each sample was silylated with 200 ,ul BSTFA 
and 200 ,ul acetonitrile, containing cu. IO pug phenanthrene, at x50° for 15 min. After 
silylation the samples were concentrated to about 50 ~1 by flushing with a stream 
of pure nitrogen gas at room temperature. 3-4 ,~cl of each sample were chromatograpli- 
ed at the instrumental settings developed for macro samples. 

Imtmmental settings. Four samples were prepared and silylated as discussed 
above. Each sample was chromatographed at attenuations of 4 x 10-11, 8 x 10-11, 

1.6 x 10-10, and 3.2 x 10~~0 a.f.s. 
Amount of silylating reagents and instracwental satt<ngs. Four samples were pre- 

pared as above and silylated with the following amounts of BSTFA and acetonitrile 
at 150~ for 15 min: Sample I, ISO ,ul and ISO (ccl; Sample 2, IOO ,~l and IOO ,ccl; Sample 3, 
75 ,~l and 75 ,ul, and Sample 4, 50 ,ul and 50 ,ul. Each sample was chromatographed at 
an attenuation that would give approximately 3/4 f.s.d. on the strip chart recorder 
for the largest peak. 

(3) Eflect of Low salt concentration ON the silylation of sentz’nzicro snvz~Zes 
The reagents used in the preparation of samples were dried with various drying 

agents, thus, it was necessary to determine the effect of these drying agents on silyla- 
tion and chromatography of the bases. Three salts, CaCl,, Na,S04 and CaSO, (all used 
as drying agents), were checked by adding cn. IO ,ug of the salt in IOO ,ul of water to a 
previously dried sample of IO ,ug of each base. The sample was again dried on a 60’ hot 
plate with a stream of pure nitrogen gas. The last traces of water were removed by 
azeotroping with methylene chloride. The samples were silylated with IOO ,~l BSTFA 
and IOO ,ccl acetonitrile at 150~ for 15 min. Duplicate samples for each salt were run. 

(4) Eflect of low cowcoatratiom of water 032 the silylation of sentinticro samfiles 
Since many of the reagents used for the analysis of the purine and pyrimidine 
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bases were hygroscopic, the effect of small quantities of water on the silylation, of the 
bases was investigated. Four solutions of acetonitrile were prepared containing 0.5 ,~l, 
1.0 ,~l, 2.0 ,ul, and 5.0 ,ul water per IOO ,~l acetonitrile. Each water-acetonitrile solution 
was used for the silylation of two previously dried base samples containing 10.0 pg 

of each. The results are presented in Table IV. 

THE RFFECT OF LOW CONCl3NTRATIONS OF WATER ON THE SILYLATION OF THE PURINE AND PYIIIMI- 

DINE UASES 

_- 

W’atcv added RA’IRII. 11.s.m 
(p//zoo 1.12 acetonitvile) 

u 
r. 
I C’, A G 

0.0 0.53 0.5s 0.53 0.61 0.66 
0.5 0.53 0.60 O-53 0.61 0.01 

1.0 0.52 0.57 Cl.49 0.5s O.GI 

2.0 0.58 0.63 0.49 0.65 0.70 
5.0 09.56 OS.57 O.d{J 0.54 0.17 

'b RMR,s,lr.s, = 
A,_l./Molesu. _.-.__--_--_--. 

Ar.s./&Iolcsr.s. 

RMRB.,I.Y. values represent the average of two inclcpendcnt runs. 

1, Two peaks for cytosine wcrc integrated scparatcly and surn~mxl for total area. 

Silylation of ~nicro satn~lcs of the fiurina and fiyrimidine bases with BSTFA 
Because the analysis of many biological samples of nucleic acids would be at a 

micro level, a method for the silylation and chromatography of the purine and pyrimi- 
dine bases at a micro level (500 ng of each base) was needed. As it had been necessary 
to alter both the amount of silylating reagents and the instrumental settings for the 
analysis of “semimicro quantities of the bases, the analysis of samples in the pg-range 
would require similar changes in reagent amounts and instrumental settings. 

(I) Amomzt o_f silylating reagents for naiwo snmfiles 
Because the amount of silylating reagents used for micro samples would be 

approximately IOO ,ul, a smaller silylation tube (Fig. I) was made to prevent the com- 
plete vaporization of the silylating reagents when the sample was heated at 150~. 

Acetonitvile as the silylatiou solvuat. The analysis of semimicro quantities of the 
bases had been accomplished by lowering the amount of silylating reagents and 
changing the instrumental attenuation, thus, this approach was used for the analysis 
of micro samples. A new stock solution (1.0 mg of each base/IO0 ml 0.1 N HCl) was 
prepared, and four 50-,ul samples (ca. 500 ng each) were pipetted and dried. Each 
sample was silylated with 50 ,~l BSTFA and 50 ,ul acetonitrile at 150~ for 15 min, 5 ,ul 
of each sample were analyzed at an attenuation of 4 x 10-11 a.f.s. 

Evaluation of other solvmats for silylntio?z. Acetonitrile was unsatisfactory as a 
silylating solvent for micro samples because it bled slowly from the GLC column, 
thus it was necessary’ to find a new silylating solvent for the micro samples. The 
solvent must be eluted from the column prior to the uracil peak, to give reproducible 
RMRB./I,s_ values for all of the bases and not affect the chromatography of the bases. 
Methylene chloride, dichloroethane, and benzene were evaluated by silylnting pre- 

J. Clrvomatogv., +I, (1971) 45-63 
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viously prepared micro samples with 50 ~1 BSTFA and 50 ,ul of each solvent at 150~ 
for 15 min. 

Evaltiation of dich?oroetIza~ae. Since dichloroethane gave promising results, 
further studies were conducted to determine the optimum silylating conditions of 
dichloroethane and BSTFA. Fourteen micro samples were pipetted, dried, and silylat- 
ed with 35 ~1 BSTFA and 35 ,~l dichloroethane. Six samples were silylated at 150’ 
for times of I, 2, 3, 4, 5, and 6 h; four samples were silylated at 125’ for times of 2, 
4, 5 and 6 h; and four samples were silylated at 175” for times of I, 2, 3, and 4 h. 
5 ,~l of each sample were chromatographed at an attenuation of 8 x 10-11 a.f.s. 
The results are presented in Ta.JJe V. 

TABLE v 

EFPECT Ol? TIME AND TEMPERATURE ON THE SILYLATION OF BASES AT THE MICRO LEVEL USING 

DICHLOROETHANE AS SOLVENT 

Time 
H 

Temperature RlWRu.l~.s,~ 

(“Cl 
u T Cb A G 

2 

54 
G 

IO 175 
2 I75 
3 I75 
4 I75 

150 0.75 o.so 
150 0.65 o-75 
*so 0.64 0.73 
150 0.03 0.78 
150 0.74 0.80 
150 0.66 0.71 

125 0.64 0.71 0.63 0.31 0.19 
125 0.61 0.Gg 0.52 0.34 110 peak 
12.5 0.58 0Ag o.Go 0.42 0.15 
125 0.6G 0.75 o.Go 0.38 no peak 

- - 
0.65 0.77 
o.Gz 0.72 
0.67 0.73 

0.65 

0.63 
0.06 

0.67 
o.G2 

0.62 

- - 
o.Go o-49 
o.co 0.50 
0.58 0.52 

0.35 0.09 

0.54 0.36 
o.Gz 0.40 
0.64 0.47 
0.54 0.23 
0.58 0.29 

- 
110 peak 
0.21 

0.23 

n R~MRB./I.s. = 
An./Molesn. 

Ar.s./Mol-I.s.’ 

IJ The two cytosine peaks were integrated separately and surnmcd for total area. 
0 Sample lost: silylntion tube cap failure. 

Evaluation of an acetolzitrile-cZichZoroetlzalze mixture as the silylating solvevtt. 
Because the guanine peak was low when dichloroethane was used as the silylating 
solvent, a mixture of acetonitrile and dichloroethane was evaluated at the semimicro 
and micro levels. Four semimicro samples were pipetted, dried, and silylated with 
IOO ,ul BSTFA and the following solvents: Sample I, IOO ,ul acetonitrile; Sample 
2, 75 ~1 acetonitrile and 25 ,ul dichloroethane; Sample 3, 50 ,~l acetonitrile and 50 ~1 
dichloroethane; and Sample 4, 25 ,ccl acetonitrile and 75 ,uI dichloroethane. Four 
micro samples were also analyzed at the same solvent ratios (I : o, 3 : I, I : I, and I : 3) 
with a total volume of, IOO ,tzl. All samples were heated at 150~ for 15 min and then 
chromatographed. 

J. Chrontatogv., Gr (1971) 45-63 _ ’ _ 
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(2) Evnhcation of oj!h?inaunt silylatin g temj!wature and time for micro sanaj%es 
Since the silylating solvent used for micro samples had been changed from 

acetonitrile to a I :I mixture of acetonitrile and dichloroethane, it was necessary 
to determine the optimum silylating temperature and time for these reagents. Since 
the optimum silylating conditions for acetonitrile and dichloroethane alone had 
already been determined (acetonitrile alone at 150~ for 15 min and dichloroethane 
alone at 150’ for 3 II) 150~ was selected as the silylating temperature. Six micro 
samples were pipetted and dried, and 50 ~1 BSTFA, 25 ,ul acetonitrile, and 25 ~1 
dichloroethane were added. Two of each of the samples were heated at 150’ for 15, 
45, and Go min. The samples were then analyzed by GLC. 

To check the reproducibility of silylation of micro samples, five samples were 
prepared and silylated at 150~ for 30 min. The average RMRJ~JI.~. and the standard 
deviation for each base were calculated. 

RISSULTS AND DISCUSSION 

O$diwtzcnz silylatiqg covcditio7zs. Initial investigations using BSTFA as a silylating 
reagent, and studies by GEHRICE AND RUYIJ~, showed that uracil, thymine, adenine, 
and guanine gave single, symmetrical, reproducible peaks with silylating conditions 
of 150~ for 45 min (optimum silylating conditions developed by GEHRKE AND RUYLE 
for BSA). Cytosine gave two symmetrical peaks, on silylation with BSTFA, and the 
RMRc/Phen. was calculated by integrating each peak separately and adding the areas 
to obtain the total area for cytosine. Since the response for each peak of cytosine was 
dependent on the time and temperature of silylation, summation of the areas gave 
a constant RMRc/Phen. for any conditions. 

Because BSTFA was reported by STALLING et aZ.1° to be a more powerful 
silylating reagent than BSA, a study of reaction time and temperature was under- 
taken to determine the conditions necessary to obtain maximum yield of derivative 
for each base in minimum time. The RMRn./1,s. for U, T, C, A, and G, as a function 
of silylation time at temperatures of 125~ and 15oO, are presented in Fig. 2-6. All 
the bases except thymine gave higher RMl~n,/~,s, values at 150~ with the highest 

0.90 - 
ti 
a 
fjj O.BO- 

t! 

3 o-70- ’ 

Q 
o-o--c-L-o 

Ok0 - 

I I t 1 , I I 

15 30 45 60 75 90 105 120 

TIME PAIN) 

Fig. 2. US’I’LIA silylation of uracil O-0, 150' silyhtiotl; O-O, 12.5 “. dykLtiO:l. 
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values being at a time of 15 min. At 125', cytosine was not completely silylated before 
60 min. From these experiments, the optimum silylating conditions for the purine 
and pyrimidine bases with BSTFA were determined as 150' for 15 min in a closed 
reaction vial. 

0.90 I- 
i.N 

P 0.80 - 
w 
a 0 

i 

0.70 - 
. . 

“2 0.60 - 
l- 

j! 0.50 - 

I I I I I , I , 

15 30 45 60 73 so 105 I20 

TIME MN) 

Fig. 3. BSTFA silylation of thyminc e-0, 150~ silylation; 0 - 0, 125 ’ silylation. 
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g 0.60 - 
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I. I I , I I I , I 

15 30 44 60 75 SO to5 I20 

TIME @AIN) 

Fig. 4, BSTFA silylstion of cytosine i-0, 150~ silylation; 0 -0, 125~ SilylatiOn. 

0.80 - 

0.60 - 

l --. 
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Fig. 5, BSTFA silylation of a&nine. O-0, 150~ silykdion; 0 -0, 125” silylation. 
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Re$rodzhbil;ityy a& stnbility. The relative ,molsr response, RMRB./I.s., and the 
retention temperature of the purine and pyrimidine bases were determined. using 
the above selected conditions. These data, along with the standard deviation for the 
RMRu,/r,s, of each base, are presented in Table I. 

The stability of the silylated bases over a period of five days is given in Table II. 
The RMRBJI,~, for each base was stable up to five days within the limits of experi- 

I , 
I5 30 45 60 75 SO 105 120 

TIME WdIN) 

Fig. 6. BSTFA silylation of guanine. l -•(), 150~ silylation ; 0-0, 1250 silylstion. 

Fig. 7. GLC analysis of the purine :Lncl pyrimiclinc bases. Chron~ato~raphic conditions: 7.5”/min 
tcxnpcraturc program from go” to 200” with a delay of 4 min; flash hcatcr tempcraturc, zGoO; 
attenuation, I0 X 32. Column: 1 m x 4 mm I.D. PyrcX, 10% SE-30 on Supelcoport (loo--120 
mesh). Silylntion conditions : 100 pg cnch in rcnction vial; 
at 150' for 15 min; 4.0 cd (ca. I pg of ea$i) were injcctccl. 

200 {(l USTFA; zoo /,~l acctonitrile; 

J. Clc~rwmalog,~., GI (1971) 49.G3 
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mental error. A typical chromatogram of the bases is shown in Fig. 7. This chroma- 
togram represents I ,ug of each base injected. The chromatographic conditions are 
given in the legend to the figure. 

Phmanthrene loss. The RMRn,phen. values shown in Table III for the direct 
and indirect evaporation of the acetone indicated that the phenanthrene internal 
standard was subliming when subjected to heat. Further studies to confirm this 
sublimation (Table III) showed that any heating of phenanthrene caused sublimation 
and even evaporation at room temperature caused some loss. Thus, to prevent the 
sublimation of phenanthrene, a stock solution of phenanthrene in acetonitrile, the 
silylating solvent, was prepared. Since the acetonitrile solvent was added just prior 
to derivatization, no loss of phenanthrene occurred. 

Stock. solution solvent. An evaluation of solvents for the preparation of the best 
stock solutions for the purine and pyrixnidine bases consisted of testing the solubility 
of the bases in a number of solvents such as: acetonitrile, acetone, clicl~loron~ethane, 
dimethylformamide, dimethylsulfoside, methanol, dichloroethane;-chloroform, ethyl 
acetate, and benzene. None of these solvents dissolved all of the bases at the 1.0 
mg/Ioo ml level. The organic acids and bases checked were: 1.0 N, 3.0 N, and G.o N 
formic acid; 1.0 N, 3.0 N, and 6.0 N acetic acid; and pyridine; and none of these 
would completely dissolve all of the bases. However, it was observed that all of the 
bases were soluble in 3.0 N HCl, but stability over a period of time was a problem. 
By lowering the concentration of HCl to 0.1 N, the bases were still soluble, but not 
at a lower HCl concentration. The stability of the bases in 0.1 N HCl was determined 
and found to be greater than two months, thus 0.1 N HCl was considered satisfactory 
as a stock solution solvent. 

SiZyZating conditions and instracmcntn2 settiqs. A change in relative amounts of 
silylating reagents for semimicro samples showed that no apparent loss of the silylated 
bases occurred, however, the chromatograms for many of the samples contained sev- 
eral large extraneous peaks. These peaks were attributed to impurities in the BSTFA. 

When the attenuation for the analysis of semimicro samples was lowered to 
give chromatographic peaks, one-half to three-fourths full scale, the baseline was 
unstable, and the bleed rate was enhanced. At higher attenuations, the chromato- 
graphic peaks were not large enough for reproducible RMRB,,I,~, values. 

When both the amounts of silylating reagents and the attenuation were changed, 
good results were obtained for samples silylated with IOO ,~l BSTFA and IOO ,ul 
acetonitrile and chromatographed at an attenuation of 3.2 x IO-~~ a.f.s. Also, the 
chromatographic peaks were large enough to obtain reproducible RMR13.11.s. values, 
and the baseline was fairly stable. A typical chromatogram for a semimicro analysis 
of the bases is shown in Fig. 8. This chromatogram represents 200 ng of each base 
injected. 

The cflect of salt. The silylation of the bases in the presence of small amounts of 
salts did not greatly affect the RMR BJ1.s. values for any of the bases. With Io lug 
Na,SOi .or IO ,ug CaSO, added to a Id-rug sample of each, base, no change in the 
RMICB,/I,~, was noticed; however, with IO pg CaCl,, the guanine peak was slightly 
reduced. These results indicated that drying the solvents with these salts would not 
affect the silylation or chromatography of the bases. But, since the salts could have 
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an adverse effect on the silylation reaction, care was taken to prevent too much salt 
from entering into the reaction vial. 

Phon. 
1720 

J 

L I I I . , 

0 4 8 12 16 20 24 28 

J\ 

c-2 
1620 

!1 J J 

MINUTES 
ITig. Y. GLC analysis of tlw pm’illc and pyrimiclinc lmscs. Chromatogrnphic conditions and CO~LIIYIII, 

SC0 the Icgp1cl to Fig. 7, Attcnuntion, IO X S. Silylation conditions: ro i4g each in reaction vial; 
roo it1 13S’l’FX; .IOO /il acctonitrilc; at i 50” for 15 rnin; Lt pl (cn. zoo ng of each bnsc) wcrc injcctccl. 

IZ#wl of zwdw. The effect of water on the silylation of the bases is shown inTable 
IV. The silylated bases were stable up to a concentration of 5.0 ~1 water in 200 ~61 
total volume. Cytosine was the first base to show the effect of water with the lowering, 
and finally the loss, of its second peak. The R’iMll~/p~,.,, did not show a corresponding 
cllange because the lirst peak increased relative to the decrease of the second peak. 
With 5.0 ,~l water added, both cytosine and guanine were adversely affected, and a 
corresponding lowering of their RM.R~.~~.s, values was noted. 

These results show that a low concentration of water could be present during 
silylation without affecting the cl~roxnatograpl~y. But, since water at a Iligher con- 
centration did affect the silylated bases, it was necessaiy to keep the samples anhy- 
drous before silylation to obtain reproducible data for all the bases. 

Sil~Aztio~z solvcgtt. Tile results of using acetonitrile as the silylating solvent for 
micro samples showed that the bases could be silylated at this level, but the clxo- 
matograplly was poor. Acetonitrilc was retarded in cluting from the column giving a 
very broad peak with a tail to 140~. This large tailing solvent peak caused tile peaks 
for uracil and thymine ,to be lost in some samples and on the tail in others, . 

To find, a solvent tllat had good chromatograpllic characteristics, metllylene 
‘... 

J. Clir~omntog~~., CiI (1971) 4543 ’ 
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chloride, dichloroethane, and benzene were evaluated. These solvents gave good 
baselines and good solvent peaks, but the peak for guanine was, lost when methylene 
chloride and benzene were used as the silylating solvent, and reduced response for 
guanine was obtained with dichloroethane . 

Because dichloroethane showed some promise as silylating solvent for micro 
samples, a time and temperature study was conducted to determine the optimum 
conditions for BSTFA and dichloroethane. The results are given in Table V. The data 
show that the optimum silylating conditions for dichloroethane were heating at 150~ 
for 3 h; however, the guanine peak was still lower than desired. Then, a study of 
different amounts of acetonitrile and dichloroethane as silylating solvent was made 
to obtain a better guanine peak and still have good chromatography. It was found that 
a I :I ratio of acetonitrile and dichloroethane gave a fairly good guanine peak and 
chromatography. 

Oj?dinzacm silylating con&ions. Since the two solvents used in the analysis of 
micro samples had different optimum silylating conditions when used alone, it was 
necessary to determine the best conditions for the solvent combination. The results 
of this study showed that the best response was obtained at 150~ for 30 min. The 
reproducibility of silylation was considered good. The following RMRBJI,~, values 
and standard deviations were found: U - 0.7s & 0.03; T - o.Sg & 0.07; C- 0.63 & 
0.03; A - 0.70 & 0.03; and G - 0.50 -& 0.04. A typical chromatogram for a micro 
sample is shown in Fig. g, and represents 30 ng of each base injected. 

J 
1 1 1 I , 

0 4 8 12 MIfwJT~6S 20 24 28 

Fig. 9. GLC analysis of the purine and pyrirnidine bases. Chrornatographic conditions and column, 
see the legend to Fig. 7. Attenuation: IO X 2. Silylation conditions: 500 ng cnch in reaction vial; 
50 1~1 BSTPA; ag pl acetonitrile; 25 ,d clichlorocthnne; at 1500 for 30 min; C 1~1 (ca. 30 ng of each 
base) were injected. 
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CONCLuSIONS 

BSTFA was found to be an excellent silylating reagent, giving good symmetrical 
peaks for all the bases and a good chromatographic baseline. The optimum silylating 
conditions for macro samples of the bases using BSTl?A were found to be 0.2 ml 
BSTFA and 0.2 ml acetonitrile heated in a closed tube at 150~ for 15 min. The re- 
producibility of silylation was excellent with the standard deviation ranging from 
1.G O/J for adenine to 2.7 o/o for cytosine. The silylated samples were stable for up to 
five days, however, most samples were chromatographed immediately after silylation 
to prevent possible deterioration. 

For quantitative analysis of semimicro samples, the amount of silylating re- 
agents had to be changed to IOO ,ul BSTFA and IOO ,x1 acetonitrile; and the attenua- 
tion was lowered by a factor of four to achieve the best chromatography. Salts, used 
in drying certain reagents, did not have a great effect on the silylation or chromato- 
graphy of the bases when the level of salt was that of each base. Water could also be 
present in small amounts without ,an adverse effect on the silylation and chroma- 
tography. But, because of the possible adverse effect salts or water could have on 
the silylation reaction and chromatography of the bases, care was taken to prevent 
the addition of salts or water to the reaction vial. 

In the analysis of micro samples, it was necessary to change the silylating 
solvent from acetonitrile to a I : I ratio of acetonitrile and dichloroethane to obtain 
a good baseline and good peaks for all the bases. For micro samples, the best reaction 
conditions were the use of 50 ~1 BSTFA, 25 ,x1 acetonitrile, and 25 ,ul dichloroethane 
heated in a closed “micro” tube at 150~ for 30 min. 

The GLC method for the purine and pyrimidine bases gave quantitative and 
reproducible results at each level; the silylated bases were stable with respect to time. 

Investigations are in progress with this method and ion-exchange cleanup 
procedures for the analysis df hydrolyzed RNA and DNA samples. These data wiil 
be the subject of a separate paper. 
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